Abstract. This study examines the effects of a 2.1-GHz WCDMA-modulated microwave (MW) radiation on apoptotic activity and mitochondrial membrane potential (ΔΨ m ) in MCF-7 cells. The cells were exposed to the MW at a specific absorption rate (SAR) of 0.528 W/kg for 4 or 24 h. The antiproliferative effect of MW exposure was determined by the MTT test. Cytochrome-c and p53 levels were determined by an ELISA method. The relative ΔΨ m was analysed by JC-1 staining using flow cytometer. Apoptotic rate of the cells was measured by Annexin-V-FITC staining. All assays were performed after certain time of incubations (15 min-4 h) following MW exposure. MW-exposed cells showed a significant decrease in viability when compared to unexposed cells. A significantly larger decrease was observed after longer exposure. The percentage of apoptotic cells, amount of cytochrome-c, and relative ΔΨ m were significantly higher in MW-exposed cells. The percent of apoptotic cells and relative ΔΨ m in 24 h MW-exposed group was significantly higher than those in 4 h MW-exposed group. However, no significant change was observed in p53 levels. These results demonstrated that exposure to 2.1-GHz WCDMA-modulated MW radiation caused hyperpolarization of mitochondria that in turn induced apoptosis in MCF-7 cells.
Introduction
Apoptosis can be initiated by at least two separable processes: one is an extrinsic pathway mediated by death receptors on the cell surface and the other is an instrinsic pathway involving release of cytochrome-c from mitochondria. Mitochondria play a crucial role in regulating cell death and they are essential in the intrinsic apoptotic pathway. A critical step in this pathway is the selective release of polypeptides from the mitochondrial intermembrane space into the cytoplasm in response to stress stimuli. After mitochondrial release of cytochrome-c which appears to be rapid and quantitative, mitochondria release AIF (apoptosis inducing factor) from the intermembrane space to the cytosol (Goldstein et al. 2000) . In the cytoplasm, cytochrome-c binds the Apaf-1 (apoptotic protease-activating factor 1) (Zou et al. 1997 ) which then undergoes a nucleoside triphosphatedependent conformational change and binds procaspase 9. This results in a molecular complex containing multiple Apaf-1 and procaspase-9 molecules called the apoptosome complex (Zou et al. 1999; Cain et al. 2000) . Mitochondrial membrane potential (ΔΨ m ) is an important indicator of mitochondrial function and energization state. It plays an important role in ATP synthesis and ion homeostasis. It is also well known that mitochondria are a source of Ca 2+ and regulate the levels of cytoplasmic Ca 2+ concentration (Skárka and Ostádal 2004) .
p53 is involved in both the intrinsic and the extrinsic pathways by initiating apoptosis. It has multiple functions. It acts as a transcription factor, promotes DNA repair, induces growth arrest or apoptosis and involved in the regulation of cell cycle, development, differentiation and chromosomal segregation (Oren and Rotter 1999; Haris 2003; Shankar and Srivastava 2007) . Furthermore, it has been described as "the guardian of the genome" because of its role in conserving stability of the genome and is induced in response to a wide variety of stresses including DNA damage, hypoxia, and oncogene (Strachan and Read 1999) . p53 can interact with transcriptionally activated genes and proteins that control mitochondrial membrane permeability and therefore can modulate the release of cytochrome-c, a component of the electron transport chain that is loosely bound to the outer leaflet of the inner mitochondrial membrane during apoptosis. p53 also regulates the balance between the glycolytic pathway and mitochondrial oxidative phosphorylation (Gogvadze et al. 2008) .
In this study, estrogen receptor positive (ER+) MCF-7 human breast carcinoma cells were exposed to a 2.1 GHz Wideband Code-Division Multiple Access (W-CDMA) microwave (MW) radiation for 4 or 24 h. Possible changes in ΔΨ m and apoptosis were assessed using flow cytometry which allows the analysis of heterogeneous cell populations. Cell viability was determined by the MTT (3[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) test and levels of the apoptosis regulating proteins cytochrome-c and p53 were determined by the enzyme-linked immuno-assay (Elisa).
Material and Methods

MCF-7 cell culture and MW exposure
MCF-7 cells were cultured in 75 ml culture flasks in Dulbecco's modified Eagle's medium (DMEM, supplemented with 10% fetal bovine serum (FBS Invitrogen, Carlsbad, CA, USA), 2 mM glutamine (Sigma-Aldrich), 100 units/ ml of penicillin and 100 mg/ml of streptomycin. Cells were cultured in a humidified cell incubator at 37°C under 5% CO 2 and 95% air. Before the experiment, they were plated at a density of 1 × 10 5 cells/well in 24-well culture plates. The exposure system consisted of a vector signal generator (Rohde & Schwarz, Munich, Germany; SMBV 100 A, 9 kHz-3.2 GHz) and a horn antenna (ETS-Lindgren, St Louis, MO, USA) placed inside a conventional humidified incubator (Nuve, Ankara, Turkey) at 37°C with the emitting end facing up. Cultured MCF-7 cells in a 24-well plate were placed above the horn antenna. MCF-7 cells were exposed to 2.1-GHz W-CDMA radiation or sham-exposed for 4 or 24 h. Control cells were sham-exposed, i.e., placed in the exposure setup for the same amount of time with the signal generator turned off.
Specific absorption rate (SAR) is defined as the rate of absorbed non-ionizing energy by unit mass of biological tissue and can be calculated as: SAR = s|E 2 |/r; where s is the electrical conductivity of tissue, E is the RMS electric field and r is the tissue density. The relation between incident power density (P d = E 2 /377) and SAR may be also shown as P d = (rSAR)/ (377s). The distribution of SAR in cell sample was computed by SEMCAD x (Schmid & Partner Engineering AG, Zurich, Switzerland) which is a three dimensional (3-D) commercial full-wave simulation software solving Maxwell's equations based on the Finite-Difference Time-Domain (FDTD) method (Yee 1992) . Numerical models for the DMEM medium inside 24-well microtiter plates were used to assess peak SAR values averaged over 10 g of tissue at 2.1 GHz. The plates were filled with 1 ml of the medium (DMEM) with relative dielectric constant (e r ) of 75 and electric conductivity (σ) of 2.2 S/m at 2.1 GHz. They were consisted of 24 cylindrical polystyrene tubes. Each tube had 8 mm inner diameter, 9 mm outer diameter and 18 mm in height (Zeni et al. 2012) .
Conformal FDTD and grading mesh algorithm was used to reduce the number of voxels and computational time in simulation (Yee et al. 1992) . The minimum and maximum grid steps were 8.2 × 10 -5 and 6.3 × 10 -3 respectively. The simulation consisted of 70.17 million voxels. The Perfectly Matched Layer (PML) absorbing boundary condition was used as a means to truncate FDTD lattices (Berenger 1994) . SAR value was obtained by normalizing antenna input power to 1 Watt. Peak spatial SAR averaged over 10 g tissue was calculated to be 0.528 W/kg at 2.1 GHz. The simulated SAR distribution for cell cultures exposed to MW radiation was given in Figure 1A . Hot points exceeding 2 W/kg were also given in Figure 1B . The signal waveform was observed by using an oscilloscope. The radiation intensity within the incubator on the cells surface was measured to be 0.120 mW/ cm 2 by an isotropic probe (Rohde & Schwarz) and a handheld spectrum analyzer (R&S FSH4, Rohde & Schwarz). The ambient magnetic field level was 1.46 mG.
In vitro cytotoxicity assay
The effect of MW radiation on viability of MCF-7 cells in the 24-microwell plates was determined using tetrazolium dye MTT (3[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide, Invitrogen, Carlsbad, CA, USA). This assay was based on the capacity of cells to reduce 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide to formazan. Briefly; after 4 or 24 h of MW exposure, cells were plated onto 96-well microtiter plates at a concentration of 5 × 10 4 cells /well in 100 μl culture medium and incubated with MTT (0.5 mg/ml) for 4 h at 37°C. The incubation was followed by formation of purple formazan salts crystals by a NADP/NA-DPH dependent process. The samples were then incubated overnight in a humidified atmosphere (37°C, 5% CO 2 ). The solubilised formazan product was quantified spectrophotometrically using an ELISA reader (Molecular Devices, Sunnyvale, CA, USA). The cell viability of MW-exposed cells was calculated relative to that of sham-exposed controls. (The viability results of MW-exposed cells were presented as percent of the viability of sham-exposed cells, considering sham-exposed cells had 100% cell viability).
ELISA assay of cytochrome-c and p53
The level of p53 protein was determined by an enzymelinked immuno-assay (ELISA) method. Cells were exposed to the 2.1-GHz MW radiation for 4 or 24 h and then cell culture supernatants were immediately aliquoted and stored frozen at -20°C until assay. Prior to assay, the samples were brought to room temperature and mixed gently. The remaining steps were carried out according to the instructions supplied by the manufacturer of the assay kit. The absorbance of each microwell was read using 450 nm as the primary wavelength on an ELISA reader (Molecular Devices, Sunnyvale, CA, USA). and then p53 concentrations in both MW and sham-exposed samples were determined by interpolating from a standard curve.
The amount of cytochrome-c in MCF-7 cells was measured using an Elisa kit (Human Cyctochrome-c Platinium ELISA Kit, eBioscience). After MW radiation exposure, cells were centrifuged at 174 × g for 15 min and pellets were washed once in cold phosphate buffered saline (PBS). The cell pellets were then re-suspended in lysis buffer and incubated for 1 h at room temperature. Afterwards, cells were centrifuged at 200 × g for 15 min. Then, the supernatants were diluted in assay buffer and the resulting supernatants were collected for cytochrome-c measurements. The remaining steps were carried out according to the manufacturer's instructions. The optical density of each well was measured at 450 nm using a ELISA reader (Molecular Devices, Sunnyvale, CA, USA). Cytochrome-c levels were calculated from a standard curve based on reference standards.
Apoptosis assay
Annexin V-FITC conjugated protein binds to phosphatidylserine which is an early apotosis marker. Cells stained with propidium iodide ( 
Determination of relative ΔΨm
The relative ΔΨ m was determined by JC-1 (5,5ʹ,6,6ʹ-tetrachloro-1,1ʹ,3,3ʹ-tetraethylbenzimidazolcarbocyanine iodide) staining using a flow cytometer. JC-1 is frequently used to measure ΔΨ m . If the membrane is depolarized, JC-1 cannot access the mitochondrial matrix. At low ΔΨ m , JC-1 remains in monomeric form and exhibits a green color. However, at high ΔΨ m , JC-1 forms J-aggregates and exhibits a red fluorescence. Relative mitochondrial hyperpolarization is indicated by an increase in the red/green fluorescence intensity ratio. Following MW/sham exposures for 4 or 24 h, samples were stained for JC-1 (Cayman Chemical, Ann Arbor, MI, USA). The remaining steps were carried out according to the instructions supplied by the manufacturer. Mean fluorescence intensity of samples were measured by flow cytometer (Becton-Dickinson, San Jose, CA, USA). Change in ΔΨ m was estimated by calculating the ratio of red and green fluorescence (Struckhoff et al. 2004 ).
Statistical analysis
All experiments were performed under blind conditions. The data for each group was expressed as mean ± standard deviation (SD) of five independent experiments. Five in- Figure 1 . The MW exposure system MCF-7 cells. SAR distributions for cell cultures (A) that were exposed to a 2.1-GHz MW radiation at 1W input power (B). Hot points exceeding 2 W/kg. dependent experiments were performed in each treatment group and three samples were measured and averages of the three measurements were used in data analysis. Statistical analyses were carried out using the Mann-Whitney U and Kruskal Wallis tests using SPSS. A difference at p < 0.05 was considered to be statistically significant.
Results
MW radiation inhibits MCF-7 cell proliferation
To determine the cytotoxicity of the MW radiation, MTT assay was used. The viability of MW-exposed MCF-7 cells was given as percent of sham-exposed cells by assuming that sham-exposed cells had a viability of 100%. The viability of MW exposed cells were decreased significantly (p < 0.05) in all exposure periods when compared to sham-exposed cells (Figure 2A ).
MW radiation increased apoptotic activity
The MCF-7 cells were exposed to MW radiation and stained for Annexin-V-FITC and PI for flow cytometry analysis. Annexin-V FITC positive cells were considered as apoptotic. The percantage of Annexin-V FITC positive cells were significantly higher (p < 0.05) in the 4 and 24 h MWexposed groups when compared with sham-exposed cells ( Figure 2B ).
MW irradiation increased p53 and cytochrome-c levels
The levels of p53 protein in both MW-and sham-exposed cells were assessed by ELISA method. The results in U/ ml were presented in Figure 3A . As seen in the figure, no significant difference (p > 0.05) in p53 levels between MW-and sham-exposed cells were detected. Cytochrome-c levels were significantly higher (p < 0.05) in both 4 and 24 h MW-exposed MCF-7 cells when compared with respective sham-exposed cells ( Figure 3B ). The protein levels of cytochrome-c were 0.8 ± 0.07 and 1.21 ± 0.15 ng/ ml in 4 and 24 h sham-exposed cells, respectively. On the other hand, cytochrome-c levels were 1.42 ± 0.17 and 1.56 ± 0.11 ng/ml in cells exposed to MW radiation for 4 and 24 h, respectively.
Mitochondrial hyperpolarization due to MW radiation exposure
The ΔΨ m was estimated by calculating the ratios of red/ green fluorescence. Results are presented in Figure 4B . As seen in the figure, the ratio of red/green fluorescence was significantly increased (p < 0.05) in the 4-h MW-exposed cells when compared to sham-exposed cells. Similarly, red/ green fluorescence ratio was higher in the 24-h exposed cells. Increase in red/green fluorescence ratio was exposure time-dependent. These results showed that MW radiation at a frequency of 2.1 GHz induced an increase in ΔΨ m , so the cells became more hyperpolarized ( Figure 4A ) when exposed to the MW radiation.
Discussion
The literature investigating the effects of MW on biological systems is inconsistent. Exposure to a 900-MHz MW radiation increased apoptotic activity of rat brain cells (Joubert et al. 2008) . Similarly, apoptotic rates of Chinese hamster V-79 cells were increased significantly after a 15 min exposure to a 2.45-GHz MW radiation (Ballardin et al. 2011) . MW radiation also increased caspase activities in the rat thyroids (Esmekaya et al. 2011) . In another study, mouse neuroblastoma cells in either proliferating or differentiated state were exposed to a Global System for Mobile Communications (GSM) basic talk mode signal or CW MW signal of 935 MHz for 24 h (2 W/kg). No significant change in apoptotic levels of murine neuroblastoma cells was detected (Moquet et al. 2008) . Merola et al. (2006) failed to find any evidence that a 900-MHz modulated MW radiation induced alterations in either apoptosis or cellular proliferation. Zeni et al. (2012) exposed rat PC12 cells to a 1950-MHz Universal Mobile Telecommunications System (UMTS) MW radiation. Despite a high SAR value (10 W/kg) was used in the experiment, they could not observe any significant difference in both cell viability and apoptosis between control and MW-exposed cells. On the other hand, results of the present experiment showed that MW radiation at 2.1 GHz had an exposure duration-dependent inhibitory effect on cell proliferation. Moreover, percentage of Annexin-V positive cells was higher in MW-exposed cells when compared to sham-exposed cells.
Mitochondria play an important role in apoptosis. Dysfunction of mitochondria may lead to an increase in permeability of inner mitochondrial membrane and rupture of the outer membrane causing release of cytochrome-c into the cytoplasm (Green and Kroemer 2004) . Cytochrome-c release is one of the important steps in mitochondrial induced apoptosis (Kim et al. 2006 ). We observed a significant increase in cytochrome-c levels in MW-exposed cells. There are conflicting results in the literature on ΔΨ m and cytochrome-c release from the mitochondria. Some of the studies reported that release of cytochrome-c was related to a decrease in ΔΨ m . However, other studies noted that release of this protein occured after a transient increase in ΔΨ m (Facompré et al. 2000; Castedo et al. 2002) .
Our result demonstrated that MW radiation caused an increase in ΔΨ m in MCF-7 cells. We believed that the increase in apoptotic rate in MW-exposed cells was related to the increase in ΔΨ m . Most of the studies in the literature reported induction of apoptotic cell death due to reduction of ΔΨ m (depolarization of mitochondria). However, some recent studies showed that apoptosis may be resulted from increased ΔΨ m (Kadenbach et al. 2004) . Mitochondrial hyperpolarization was shown in some types of cancer cells in literature. As ΔΨ m increases, electrochemical potential is not consumed by ATP synthase (Kadenbach et al. 2004 (Kadenbach et al. , 2011 . FoF1-ATPase utilizes extruded protons to synthesize ATP and then the protons reenter the inner membrane to prevent hyperpolarization. Dysfunction of FoF1-ATPase may lead to hyperpolarization of mitochondria (Iijima et al. 2003) .
p53 is the most commonly mutated gene in approximately half of all human cancer cells . It is involved in the induction of cell cycle regulation, development, and differentiation. Inactivation or loss of p53 has been associated with loss of cellular apoptotic responses. The role of p53 in apoptosis has been showed in both in vitro and in vivo studies (Yu 2006) . A correlation between p53 gene mutation and p53 levels in tumours has been reported (Bennett et al. 1991) . High p53 levels were observed in many types of human neoplasias including breast cancer (Vojtĕsek and Lane 1991) . Our study showed that p53 expression did not change significantly after MW radiation exposure. This result demonstrated that increase in the apoptotic rates of MCF-7 cells were not due to a change in p53 levels. Similar to our study, Hirose et al. (2006) exposed IMR-90 fetal lung fibroblasts to CW or W-CDMA-modulated MW radiation at 2.1425 GHz for 28 h. The SAR was 80 mW/kg. No significant change in expression levels of phosphorylated p53 at serine 15 or total p53 was seen between MW-and sham-exposed cells. Different from our study, they did not observe any significant increase in apoptotic activities in MW-exposed fibroblast cells. In another study, Nikolova et al. (2005) exposed mouse embryonic stem (ES) derived neural progenitor cells to a combination of 50-Hz ELF (extremely low frequency) field and 1.71-GHz MW radiation. They found no significant effect on p53 mRNA level in the cells. However, the authors reported that EMF exposure could affect at transcript level genes related to apoptosis and cell cycle control.
The present study investigated whether exposure to a 2.1-GHz W-CDMA-modulated MW radiation affects the apoptotic rates of ER+ MCF-7 human breast carcinoma cells which have high metabolic rates. Relative ΔΨ m was also studied. We found that W-CDMA-modulated MW radia- Figure 3 . A. p53 protein levels in 4-and 24-h MW-and shamexposed cells. The data for each group was expressed as mean ± standard deviation (SD) of five independent experiments. Five independent experiments were performed in each group and three samples were measured and analyzed for each experiment. * indicated statistically significant at p < 0.05 compared to comtrol. B. The levels of cytochrome-c in 4-and 24-h MW-and sham-exposed cells. Data for each group was expressed as mean±standard deviation (SD) of five independent experiments. Five independent experiments were performed in each group and three samples were measured and analyzed for each experiment. * indicated statistically significant at p < 0.05 compared to control. tion at a SAR of 0.528 W/kg induced hyperpolarization of mitochondria in MCF-7 cells. Moreover, hyperpolarization of mitochondria could cause an increase in the rate of apoptotic cell death and inhibition of MCF-7 cell proliferation. 
